African sleeping sickness, caused by the protozoan parasite Trypanosoma brucei, is universally fatal if untreated, and current drugs are limited by severe toxicities and difficult administration. New antitrypanosomals are greatly needed. Heat shock protein 90 (Hsp90) is a conserved and ubiquitously expressed molecular chaperone essential for stress responses and cellular signaling. We investigated Hsp90 inhibitors for their antitrypanosomal activity. Geldanamycin and radicicol had nanomolar potency in vitro against bloodstream-form T. brucei; novobiocin had micromolar activity. In structure-activity studies of geldanamycin analogs, 17-AAG and 17-DMAG were most selective against T. brucei as compared to mammalian cells. 17-AAG treatment sensitized trypanosomes to heat shock and caused severe morphological abnormalities and cell cycle disruption. Both oral and parenteral 17-DMAG cured mice of a normally lethal infection of T. brucei. These promising results support the use of inhibitors to study Hsp90 function in trypanosomes and to expand current clinical development of Hsp90 inhibitors to include T. brucei.
African sleeping sickness (human African trypanosomiasis; HAT) is caused by the protozoan kinetoplastid parasite Trypanosoma brucei [1] . Kinetoplastids, including the human pathogens Trypanosoma cruzi and Leishmania species, are early diverging eukaryotes named for the kinetoplast, the characteristic dense granule of DNA at the base of the flagellum that comprises the mitochondrial genome. T. brucei is transmitted by the tsetse fly and causes endemic disease in both livestock (nagana) and humans (HAT) in sub-Saharan Africa. The parasite propagates extracellularly and moves throughout the body, including the central nervous system during the late stage of disease. In humans, this infection is fatal unless treated. Current therapies require repeated parenteral dosing and have formidable toxicities, exemplified by the 5%-10% lethality caused by the commonly used drug melarsoprol. New antitrypanosomal drugs are long overdue.
Heat shock protein 90 (Hsp90) is a phylogenetically conserved, abundant, and essential molecular chaperone [2] [3] [4] [5] [6] [7] . In mammalian cells it functions as a homodimer complexed with regulatory cochaperones. Hsp90 stabilizes substrate (ie, client) proteins, enabling their proper activities. Over 200 clients have been identified, with many acting in signal transduction pathways, stress responses, and cell cycle regulation [4] . Thus, Hsp90 is a critical node coordinating many networks necessary for survival. This combinatorial function and a disproportionate dependence on Hsp90 activity in malignant cells have established it as a cancer chemotherapy target [5] [6] [7] [8] . Dozens of Hsp90 inhibitors have entered the drug development pathway, including derivatives of the natural products geldanamycin (eg, 17-AAG [17-N-allylamino-17-demothoxygeldanamycin] and 17-DMAG [17-dimethylaminoethylamino-17-demethoxygeldanamycin] ) and radicicol, as well as novel structural scaffolds identified in screens. 17 -AAG has been in phase 3 trials [6] . Geldanamycin treatment leads to proteosomal degradation of Hsp90 client proteins, cell cycle arrest, and heat shock response in mammalian cells [9] . Damage to multiple proteins and pathways may be the basis for reported synergism between Hsp90 inhibitors and several chemotherapeutic agents [10] .
The kinetoplastid homologue of Hsp90 is Hsp83, and there are 10 tandem copies in the T. brucei genome [11] . Hsp83 influences the temperature-sensitive differentiation of insect to mammalianform Leishmania organisms and T. cruzi [12, 13] , and Hsp90 inhibitors arrest the growth of several kinetoplastids in vitro and have activity against Trypanosoma evansi in mice [12] [13] [14] [15] [16] . However, little is known about the role of Hsp83 in cellular metabolism and its clients and cochaperones remain to be identified. Initial studies have found that Hsp83 interacts with the deacetylase Sir2 in Leishmania organisms and with protein phosphatase 5 in T. brucei [15, 17] . Although the trypanosome genome lacks evidence of steroid hormone receptors and tyrosine kinases that are prominent Hsp90 clients in mammalian cells, homologues of other clients are recognizable, including serine/threonine kinases and cell cycle regulators [18, 19] .
The cell cycle of kinetoplastids differs dramatically from that of host cells. In trypanosomes, the replication of mitochondrial DNA (the kinetoplast) occurs once, and its S, G 2 , and M phases precede those of nuclear DNA ( Figure 1A ) [20] [21] [22] . The Golgi, basal bodies, and flagellum are also replicated in an ordered fashion and then precisely positioned so cytokinesis can occur via cleavage furrow ingression. The complex temporal requirements of these processes, coupled with a lack of tight checkpoints characteristic in higher eukaryotes [23] , make trypanosomes particularly vulnerable to cell cycle disaster [24] .
We evaluated structurally diverse Hsp90 inhibitors, including some already studied in humans, for their activity against bloodstream-form trypanosomes in vitro, explored structureactivity relationships for the geldanamycin scaffold, assessed the effect of inhibitors on the cell cycle, tested 17-AAG in combination with other drugs, and demonstrated the efficacy of orally dosed 17-DMAG against T. brucei infection in mice.
MATERIALS AND METHODS
Cell Culture, Reagents, and Cytotoxicity Assay All studies used bloodstream T. brucei brucei (MiTat 1.2 strain 427) maintained continuously in exponential growth (10 4 -10 5 cells/mL) at 37°C and 5% CO 2 in phenol red-free HMI-9, 10% fetal bovine serum (Invitrogen), and 10% Serum Plus (SAFC Biosciences). Motile parasites were counted by a hemocytometer. L1210 murine leukemia cells (ATCC CCL-219) were maintained in phenol red-free Roswell Park Memorial Institute 1640 medium (Sigma-Aldrich) and 15% fetal bovine serum. Stock solutions of compounds were aliquoted and stored at −20°C, as follows: radicicol (Sigma-Aldrich) and ansamycins (including geldanamycin, 17-AAG, and 17-DMAG; The NCI/ DTP Open Chemical Repository [available at: http://dtp.cancer. gov]) in sterile dimethyl sulfoxide (DMSO; Hybri-Max, SigmaAldrich); novobiocin (Sigma-Aldrich), eflornithine (NCI/ DTP), and pentamidine (Lymphomed) in H 2 O; and melarsoprol (Centers for Disease Control and Prevention) in 1,2-propanediol (Sigma-Aldrich). Final DMSO percentage of ≤0.5% had no effect in the cytotoxicity assay. Cytotoxicity was assayed by a colorimetric 96-well plate acid-phosphatase method [25] . Cells were exposed to compound for 24 hours (T. brucei seeding concentration, 1 × 10 5 cells/mL) or 48 hours (L1210 seeding concentration, 7 × 10 4 cells/mL), reflecting respective doubling-times of 6 and 11 hours. Dose-response curves and half-maximal effective concentrations (EC 50 values) were obtained (Microsoft Excel and DeltaGraph Pro v3.5).
Flow Cytometry
For each time point, 3 × 10 6 cells from treated cultures (seeded at 2 × 10 5 cells/mL) were pelleted at 1000 × g for 10 minutes;
washed twice with glucose-and sucrose-supplemented phosphate-buffered saline (vPBS) [26] ; fixed by dropwise addition of ice-cold 70% EtOH in PBS; and stored at 4°C. Cells were pelleted at 3000 × g for 10 minutes, washed with PBS, resuspended in 500 µL 10 μg/mL RNaseA in PBS, and incubated at 37°C for 45 minutes. After addition of propidium iodide (SigmaAldrich) to achieve a final concentration of 20 μg/mL, 10 000 cells were analyzed on FACSCalibur (BD Biosciences), gated on FL2-A versus FL2-W to exclude doublets, and the G 1 peak of controls was centered at 200 units FL2-A (CellQuest Pro v5.2, BD Biosciences).
DAPI Staining and Microscopy
For each time point, 2 × 10 6 cells from treated cultures seeded at 2 × 10 5 cells/mL were pelleted at 1000 × g for 10 minutes, washed with vPBS, fixed with 3% paraformaldehyde in PBS for 10 minutes on ice, diluted 5-fold in vPBS, pelleted at 3000 × g for 10 minutes, washed with vPBS, applied to polylysine-coated slides for 1 hour, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 10 minutes, washed thrice with PBS, and mounted using Fluoroshield with DAPI (SigmaAldrich) [26] . Slides were imaged on a Zeiss Axioskop with a Retiga Exi charge-coupled-device camera (QImaging), using iVision v4.0.13 (Biovision Technologies). Images were merged and adjusted for brightness and contrast only (ImageJ v1.45s, Rasband). For quantitation, images of ≥100 cells/condition were randomized then scored by 3 blinded independent observers with respect to the number of nuclei and kinetoplasts and the appearance by fluorescence and/or phase.
Animal Studies
Protocols were approved by the Johns Hopkins Institutional Animal Care and Use Committee. Drug solutions were prepared immediately before use in 5% glucose vehicle. Sixweek-old female CD1 mice were infected with T. brucei (MiTat 1.2 strain 427; 5 × 10 4 ) intraperitoneally on day 0. On day 1, after confirmation of parasitemia, animals were divided into groups of 3 (groups 1-4) or 4 (group 5) and then treated once daily with vehicle (200 µL intraperitoneally for 3 days; group 1), 3.5 mg/kg Berenil (Sigma-Aldrich; 200 µL intraperitoneally for 3 days; group 2), 150 mg/kg 17-DMAG (400 µL Figure 1 . The cell cycle of Trypanosoma brucei is disrupted by 17-AAG. A, In trypanosomes both the nuclear and the mitochondrial genomes can be visualized by light microscopy, and their replication is temporally linked but not strictly synchronous. Cells progress from having 1 nucleus and kinetoplast (1N1K), to having 1 nucleus and 2 kinetoplasts (1N2K), and finally to having 2 nuclei and kinetoplasts (2N2K) before the cells divide by cleavage furrow ingression to yield 2 daughter cells (adapted from [20, 22] ). G 1 , gap 1; S K/N , synthesis kinetoplast/nuclear DNA; G 2 , gap 2; D, kinetoplast division; M, nuclear mitosis; P, positioning of organelles, C, cytokinesis. B, Trypanosomes were treated with solvent, 50 nM 17-AAG, or 100 nM 17-AAG for the indicated times and then examined by flow cytometry. Since the kinetoplast composes only 5% of the total cellular DNA [32] , this method focuses on the nuclear genome. DMSO, dimethyl sulfoxide; 2C, nonreplicating diploid cells with 2 copies of nuclear genomic DNA; 4C, cells late in replication with 4 copies of genomic DNA; 6C or 8C, abnormal cells with 6 or 8 copies of the nuclear genome. intraperitoneally once; group 3), 30 mg/kg 17-DMAG (200 µL intraperitoneally for 5 days; group 4), or 50 mg/kg 17-DMAG (200 µL by oral gavage for 5 days; group 5). Mice were weighed prior to infection and daily during the first week; parasitemia was monitored in tail snip blood samples for 30 days. Mice with >5 × 10 8 trypanosomes/mL or in evident distress were euthanized.
RESULTS

In Vitro Antitrypanosomal Activity of Parent Compounds
Initial studies were designed to determine whether structurally diverse Hsp90 inhibitors had cytotoxic activity against African trypanosomes in vitro. Geldanamycin and radicicol both bind to the N-terminal adenosine triphosphate (ATP)-binding pocket, which has a rare Bergerat-fold, of Hsp90 and inhibit ATPase activity [27, 28] . Novobiocin binds the C-terminal domain [29] . Geldanamycin and radicicol had potent nanomolar EC 50 values against T. brucei (Table 1) , in agreement with reported 50% growth inhibition at 40 nM geldanamycin [15] . Novobiocin had micromolar activity. For comparison, clinically used antitrypanosomals pentamidine, melarsoprol, and eflornithine had EC 50 values of 7 nM, 10 nM, and 50 μM, respectively, in this assay. Geldanamycin and radicicol values fall well within this range.
Structure Activity Relationships on the Ansamycin Scaffold
On the basis of the impressive potency of geldanamycin, 12 related ansamycins were analyzed for structure-activity relationships (Tables 2 and 3 ). For some measure of therapeutic index, compounds were also evaluated against L1210 mammalian cells. Disruption of the geldanamycin quinone (compound 255108; Table 2 ) reduced activity severely against trypanosomes and moderately against L1210. Sterically demanding hydrazone moieties at R 4 (210753, 255112, and 265482) substantially decreased activity against both cell types. Modifications at C17 were well tolerated. Replacement of the methoxy at R 1 with a hydroxyl group (255104) decreased potency by 10-fold against both cell types, but incorporation of a chloroethylamino group (320877) had little to no effect on potency. Importantly, however, other amino moieties at R 1 enhanced selective toxicity against trypanosomes: a primary amine (255109) or allyl amino group (330507) resulted in a 30-50-fold increase in selectivity, and a dimethylaminoethylamino group (707545) increased selectivity 300-fold. An even more substantial change, a large, rigid bromo-benzoxazine bridging positions R 1 and R 2 (255105), maintained good activity against both cell types, suggesting that this position is not constrained in the drug and target interaction. Modifications in more remote ansamycin ring substituents and reduction of the quinone (330500; Table 3 ) impaired potency and selectivity, while opening the macrocycle (265481) resulted in complete loss of activity. The general trends of these structure activity relationships correlate with crystal structure data of ansamycins complexed with Hsp90, where C17 modifications are exposed to solvent and outside the Bergerat-fold ATP-binding pocket [30] . However, the series also reveals differences in the susceptibility of mammalian and trypanosome cells. Many factors may account for this, including phylogenetic differences in the target enzymes. This possibility is supported by the several-log difference in ATPase activity of kinetoplastid Hsp83, compared with mammalian Hsp90 [31] . Compounds with the most favorable selectivity were 17-AG (255109), 17-AAG (330507), and 17-DMAG (707545); the latter was also most potent against trypanosomes. As 17-AAG is the most widely studied, we chose to characterize its antitrypanosomal effect more fully.
17-AAG Affects Growth Rate, Mitosis, and Cytokinesis
Previous reports indicate that, for insect-form T. cruzi or Leishmania donovani, 24 hours geldanamycin treatment arrests the cell cycle at either G 1 or G 2 [12] [13] [14] . We found that, within 5 hours, 50 or 100 nM 17-AAG (EC 80 or EC 99 , respectively) arrested growth of bloodstream T. brucei, and cell numbers declined thereafter (Supplementary Figure 1A) . Cell cycle progression was inhibited, and this was examined by flow cytometry and microscopy of DAPI-stained cells, across time and concentration.
On the basis of nuclear DNA content, as measured by flow cytometry, control cultures in mid-log growth were 38% G 1 (2C DNA content for the diploid trypanosome), 21% S, and 35% G 2 /M (4C DNA content). This distribution was maintained until the culture reached stationary phase at 24 hours ( Figure 1B) . Treatment with 50 nM 17-AAG caused a transient increase in the G 1 peak at 5 hours, which decreased progressively thereafter. At 10 hours the G 2 /M (or 4C) peak was increased, indicating a problem with mitosis and/or cytokinesis. At 24 hours, the 4C peak remained significant, but substantial 6C and 8C peaks were also present. These abnormal forms are possible in bloodstream trypanosomes because of inadequate or missing checkpoints to stop rereplication of DNA when cytokinesis is delayed or inhibited [23] . With 100 nM 17-AAG, the 5-hour increase in G 1 and 10-hour increase in G 2 /M (or 4C) were also seen, but at 24 hours the dominant population was 4C, along with an 8C but no 6C peak. With both 50 values were all ≤33%. r 2 values for dose-response curves all exceeded 0.98; within an assay, the coefficients of variation for quadruplicate determinations were ≤10% and averaged 2.1%. b Defined as the ratio of the L1210 EC 50 to the T. brucei EC 50 ; large numbers are favorable.
concentrations, the percentage of cells in S phase declined (quantitations appear in Supplementary Figure 1B-D) .
To obtain further insight into this cell cycle disruption, we examined trypanosomes by fluorescence microscopy. Unlike flow cytometry, which reflects nuclear DNA content, visual analysis of DAPI-stained cells assays both nuclear and kinetoplast DNA, and phase contrast provides concomitant analysis of cytokinesis. Control cells can be divided into 3 populations: 1N1K cells, which have a single nucleus and kinetoplast (68% of the total); 1N2K cells, in which mitochondrial DNA has divided but nuclear mitosis has not occurred (21%); and 2N2K cells, in which the kinetoplast and nucleus have both divided (8%) (Figure 2Ai-iii and 2B ). These proportions are in good agreement with flow cytometry: G 1 plus S (38% + 21%) are a subset of 1N1K (68%), and 1N2K plus 2N2K (21% + 8%) are a subset of G 2 /M (35%) ( Figure 1A ). Likewise consistent with flow cytometry, treatment with 50 nM 17-AAG reduced 1N cells and increased 2N cells and forms containing greater than 2N ( Figure 2B ). Simultaneous accounting for both nuclei and kinetoplasts revealed the vivid loss of coordinate replication of these genomes. Flawed nuclear mitosis was evidenced by cells with abnormally high numbers of kinetoplasts but only 1 or 2 giant nuclei (Figure 2Ci and 2Cii) . Conversely, defective kinetoplast segregation, with unchecked nuclear mitosis, produced cells with multiple nuclei and a single large kinetoplast, demonstrated numerically by the increase in 2N1K cells ( Figure 2B, 2Ciii, and 2Civ) . Grouping cells on the basis of the ratio of nuclei to kinetoplasts established kinetoplast segregation as more defective than nuclear mitosis: 29% had more nuclei than kinetoplasts ( Figure 2D ). Of cells that retained a normal census of nuclei and kinetoplasts, many still had evident dysregulation, including 2N2K cells whose kinetoplasts had begun to rereplicate prior to cytokinesis (Figure 2Cv ). Phase contrast confirmed the cytokinesis inhibition suggested by 6C and 8C flow cytometry peaks. At 24 hours, cells with multiple partially ingressed cleavage furrows indicated repeated failed attempts at cell division (Figure 2Ci and 2Ciii) , and some cells were arrested at abscission (Figure 2Cvi ).
Interestingly, abnormalities from 100 nM 17-AAG were substantially less varied. Although morphologically abnormal (Supplementary Figure 1E) and with an increased 2N population (including aberrant 2N1K; Supplementary Figure 1F) , few trypanosomes had incomplete cleavage furrows or >2 nuclei or kinetoplasts. In conjunction with flow cytometry results, this suggests strong mitosis inhibition at 24 hours: although 52% of cells had 4C nuclear DNA content, only 28% were 2N, and, conversely, just 8% had 2C DNA content, but 66% were 1N. To test whether structurally different Hsp90 inhibitors caused cell cycle disruption, trypanosomes were treated with 350 nM radicicol (EC 99 ). Patterns comparable to those described above were seen by microscopy and flow cytometry (Supplementary Figure 1G and 1H) , indicating the effects are likely attributable to Hsp83 inhibition.
The multiple abnormalities caused by Hsp90 inhibitors suggest that Hsp83 deficiency affects several cell cycle proteins. At submaximal inhibition, the lack of effective checkpoints results in abnormal nuclear and kinetoplast content and abortive cytokinesis. With more stringent inhibition of Hsp83, the regulated ability of cells to initiate DNA segregation and cytokinesis is more severely impaired, which limits the variety of abnormalities. Overall, and in contrast to previous reports involving the insect forms of other kinetoplastids [12] [13] [14] , these results indicate time-and concentration-dependent disruption of both G 1 and G 2 phases (Figure 1 ).
Additional Effects of 17-AAG
Heat shock chaperones were initially recognized as proteins whose levels increased after heat stress. Hsp90, among other chaperones, helps maintain protein quality control. We hypothesized that if 17-AAG inhibits Hsp83, then 17-AAG might sensitize trypanosomes to heat shock (Figure 3) . In control cells, a heat pulse for one hour caused an arrest in trypanosome cell growth for 10 hours. In a dose-dependent fashion, 17-AAG sensitized trypanosomes to heat shock. Cells shocked in 30 nM 17-AAG (which is ordinarily an EC 30 ) continuously declined in number and did not recover. Other antitrypanosomals with different mechanisms of action, pentamidine and melarsoprol, sensitized trypanosomes to heat shock, but neither was as potent as 17-AAG. Eflornithine had no effect (Supplementary Figure 2) . Somewhat surprisingly, in 2 assays we found that trypanosomes differed from mammalian cells in response to Hsp90 inhibitors: we saw no decrease in argonaute protein levels (a mammalian Hsp90 client [33] ) and no synergy with other drugs, including etoposide, melarsoprol, pentamidine, or novobiocin (Supplementary Figure 3) .
Activity of 17-DMAG in T. brucei-Infected Mice
The promising in vitro cytotoxicity of Hsp90 inhibitors supported evaluation in a mouse model of T. brucei infection. 17-DMAG was chosen because of its superior water solubility, potency, and selectivity (Table 2) . In this acute model, parasites rapidly proliferated in vehicle controls and caused death within 4 days (Figure 4) . The veterinary antitrypanosomal diminazen (Berenil) cured all mice. Three dosing strategies with 17-DMAG provided initial clearance of parasitemia and prolonged survival relative to controls. A single high parenteral dose of 150 mg/kg led to dose-limiting toxicity and day 10 recurrence of parasitemia in the surviving mouse. When this same total dose was divided over 5 days, parasitemia dropped below the lower limit of detection by day 3, and all mice were cured (ie, lacked detectable parasitemia) for 30 days (Figure 4 ). Of considerable importance, oral 17-DMAG (50 mg/kg daily for 5 days) caused prompt reduction in parasitemia and cured all but 1 mouse, which died on day 6 from gavage-induced trauma and/or drug toxicity. The remaining mice in this group appeared healthy and remained parasite free for 30 days (Figure 4) . Weight change as an index of health was consistent with these outcomes. On day 0, the average weight was 21.6 g. Between days 0 and 7, average weight changes were +2.2 g (Berenil group), −0.75 g (17-DMAG, 150 mg/kg intraperitoneally once), +3.5 g (17-DMAG, 30 mg/kg intraperitoneally for 5 days), and +3.2 g (17-DMAG, 50 mg/kg by oral gavage for 5 days).
DISCUSSION
We evaluated Hsp90 inhibitors against bloodstream-form T. brucei in vitro and in vivo. Geldanamycin has potent activity in vitro, and orally dosed 17-DMAG cures mice of infection. Is this promising antitrypanosomal activity due to Hsp83 inhibition? Multiple lines of evidence from our laboratory and reported by others suggest that it is. Genetic studies have shown that T. cruzi Hsp83 complements an Hsp90 knockout yeast strain [34] . In L. donovani, geldanamycin selects Hsp83 from a cosmid library screen, and overexpression of Hsp83 decreases sensitivity to geldanamycin [12] . Biochemical evidence includes geldanamycin-mediated retrieval of Hsp83 from T. evansi lysates [16] . With T. brucei, we find that the structurally dissimilar Hsp90 inhibitors 17-AAG and radicicol cause the same cell cycle dysregulation; that despite important differences, major structural requirements on the ansamycin scaffold are similar for antitrypanosomal and anti-tumor activities; and that 17-AAG sensitizes trypanosomes to heat shock. The antitrypanosomal effects we have shown validate Hsp83 as a drug target in bloodstream-form African trypanosomes.
Less clear are the downstream consequences of Hsp83 inhibition: why does Hsp83 deficiency kill trypanosomes? In higher eukaryotes, the toxicity of Hsp90 inhibitors is attributed to subsequent functional loss of client proteins, which include key cell cycle regulators. We find vivid evidence of cell cycle dysregulation in trypanosomes treated with Hsp90 inhibitors. Many gene products essential for orderly progression through the trypanosome cell cycle have been identified via RNA interference silencing, including kinases (eg, cyclin-related, Aurora, Pololike [35] [36] [37] ) and kinase regulators (eg, cyclins, kinase activator MOB1, and kinase receptor TRACK [38] [39] [40] ), several of whose mammalian homologs are recognized Hsp90 clients [41] [42] [43] [44] . Individual knockdown of these proteins in kinetoplastids generates a cell cycle defect, such as abnormal numbers of kinetoplasts or nuclei and arrested or misplaced cleavage furrows. Unlike these discrete phenotypes, however, with Hsp90 inhibitors we see multiple abnormalities in the same cell and pleomorphic abnormalities in the population ( Figure 2C ). These complex and profound disruptions of nuclear and kinetoplast segregation and cytokinesis support the notion that Hsp83, like Hsp90 in higher eukaryotes, is an important node in the midst of numerous regulatory pathways.
In the development of any antiparasitic drug, a critical consideration is therapeutic index. Our findings that trypanosomes and L1210 tumor cells differ in susceptibility to Hsp90 inhibitors and, more importantly, that 17-DMAG cures mice of T. brucei infection provide convincing evidence that Hsp90 inhibitors can be selectively toxic for trypanosomes. Given the 61% protein sequence identity between Hsp90 and Hsp83, it is interesting to speculate about the basis for this discrimination. Precedent for selective toxicity to Hsp90 inhibitors exists in the greater susceptibility (up to 200-fold) of tumor cells as compared to nontransformed cells [8, 45] . Cancer cells are thought to be unusually dependent on Hsp90 to chaperone upregulated oncogene clients and mutant proteins and to counter the toxic metabolic environment commonly present in tumors [5] [6] [7] [8] . Many factors could heighten susceptibility of trypanosomes to Hsp90 inhibitors, including the previously suggested differences in inhibitor binding affinity at the ATPase site, or less stringent checkpoints lowering the threshold for cell cycle disruption. However, the unique cellular pathways in these ancient eukaryotes suggest other downstream processes, not present in host cells, that may be unusually dependent on Hsp83. These include the heat shock-sensitive requisite trans-splicing of a 5′-leader sequence onto all messenger RNAs [46] (the disruption of which would globally cripple protein synthesis) or the production of essential variable surface glycoprotein for the cell surface coat (which requires chaperone activity) [47, 48] .
Extensive studies of Hsp90 inhibitors in humans provide a strong starting point for their possible use in African trypanosomiasis. In phase 1 trials of 17-DMAG, maximum tolerated doses generated maximum blood concentrations of 600-2700 nM [49, 50] , well in excess of the 3 nM EC 50 against trypanosomes in vitro (Table 2) . Distinctly different susceptibilities and doubling times of trypanosomes and mammalian cells suggest that doses and prolonged regimens suitable for cancer therapy may be inappropriate for trypanosomiasis; indeed, our mouse study indicates that limited regimens may suffice. Furthermore, there are 16 other Hsp90 inhibitors currently in clinical trials, several of which have better safety profiles than 17-DMAG and 7 of which are administered orally [7] .
We have demonstrated that Hsp90 inhibitors in vitro cause potent growth inhibition of T. brucei and vivid morphological abnormalities and that oral dosing cures trypanosomiasis in mice. In the laboratory, these agents provide a valuable tool for studying the role of Hsp83 in kinetoplastids. More importantly, good clinical promise is afforded by the numerous Hsp90 inhibitors now in human trials. Our results support further investigation into the repurposing of Hsp90 inhibitors as antitrypanosomal agents.
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